ABSTRACT The effects of incorporating conjugated linoleic acid (CLA) and fish oil in laying hen diets on egg CLA, n-3 fatty acid, tocopherol, and TBA reactive substances (TBARS) during 60 d of storage were investigated. Hens were fed corn-soybean meal-based diets containing 3% yellow grease (YG), 2.75% yellow grease + 0.25% CLA (YG-CLA), 2.5% yellow grease + 0.25% CLA + 0.25% fish oil (YG-CLA-FO), or 2.75% yellow grease + 0.25% fish oil (YG-FO). Eggs were collected and stored at 4°C up to 60 d. On storage d 0, 20, 40, and 60, eggs (n = 8) from each treatment were selected randomly, and tocopherol and TBARS contents were measured. Egg total lipid and fatty acids were determined on d 0 and 60 of storage. Feeding YG-CLA-FO led to a 5.4 and 7.7% reduction in egg total lipids on d 0 and 60 (P < 0.05) when compared with YG eggs. The YG-CLA and YG-CLA-FO diets led to a 12% increase in egg saturated fatty acids compared with YG eggs. The content of monounsaturated
INTRODUCTION
Recently, there has been a great interest in the role of foods for minimizing the risks of cardiovascular disease or ameliorating the progression of atherosclerosis. Such food or food ingredients that offer health-enhancing properties are called functional foods. Conjugated linoleic acids (CLA), n-3 fatty acids, and antioxidant vitamins (vitamin E) have received considerable attention as functional nutrients for their anticarcinogenic, antiatherogenic, hypocholesterolemic, immunomodulatory, and body fat reduction properties (Traber, 1999; Belury, 2002; Kris-Etherton et al., 2003; Terpstra, 2004) . Dietary CLA is contributed by ruminant foods, and n-3 fatty acids are contributed through marine foods and oils from terrestrial sources such as flax. The consumption of CLA is less than 600 mg/d compared with the 3 g/d needed to 1 Corresponding author: Gita.Cherian@oregonstate.edu 953 fatty acids were lower (>19%) in YG-CLA and YG-CLA-FO compared with YG. Egg n-3 was highest in YG-FO eggs and lowest in YG eggs (P < 0.0001). Storage over 60 d led to a 20 and 67% depletion of CLA in the YG-CLA and YG-CLA-FO eggs (P < 0.0001). A 29% reduction was observed in the total n-3 fatty acid content of YG-CLA-FO eggs at d 60 of storage when compared with d 0 of storage (P < 0.0001). Diet and storage increased TBARS (P < 0.0001), which was highest in YG-CLA eggs at 60 d of storage. The YG-CLA and YG-CLA-FO diets reduced α and γ-tocopherol contents at all days of storage compared with YG eggs (P < 0.05). Regardless of diet, egg storage for 40 d or longer depleted egg tocopherol contents (P < 0.05). These data demonstrate that healthy eggs with increased n-3 fatty acids and CLA can be generated by minor diet modifications, but added tocopherol supplementation may be needed to reduce lipid peroxidation when n-3 or CLA is included in the hen diet.
provide positive health effects (Fritsche et al., 1999; Ip et al., 1999) . Because Americans are opting for low-fat dairy and beef products and choosing more poultry products than beef, it is likely that the dietary contribution of CLA will further be reduced in a typical US diet. Similarly, consumption of n-3 fatty acids in the United States is 1.6 g/d (USDA, 2006) . Although no official dietary recommendations have been made in the United States, nutritional scientists suggest including 2.9 g/d of n-3 (Kris- Etherton et al., 2000) . Therefore an additional 1.3 g/d of n-3 is needed in the current US diet.
Increasing the concentration of CLA and n-3 fatty acids in poultry foods is a possible way for humans to increase their intake of these compounds and obtain potential health benefits of CLA and n-3 fatty acids. Dietary manipulation by feeding synthetic CLA oil has been the documented method in enriching eggs with CLA (Cherian, 2005) . Feeding flax and marine oils to hens has been used to enrich eggs with n-3 fatty acids (Cherian, 2002; Rymer and Givens, 2005) . Altering the n-3 and CLA content in eggs also increases the degree of unsaturation leading to changes in egg fatty acid quality and oxidative stability. 37.7 ± 1.65 35.7 ± 1.21 34.5 ± 2.33 36.4 ± 1.56 cis9, trans11 CLA 0.0 ± 0.00 1.0 ± 0.05 0.8 ± 0.14 0.0 ± 0.00 trans10, cis12 CLA 0.0 ± 0.00 0.7 ± 0.00 0.7 ± 0.17 0.0 ± 0.01 18:3n-3 3.1 ± 0.29 3.1 ± 0.20 2.9 ± 0.37 2.6 ± 0.27 20:5n-3 0.0 ± 0.00 0.0 ± 0.00 0.5 ± 0.02 0.6 ± 0.01 22:6n-3 0.0 ± 0.00 0.0 ± 0.00 0.4 ± 0.01 0. Consumer acceptance of eggs depends upon storage stability and nutritional quality. The effect of feeding n-3 and CLA to hens on egg CLA, n-3 fatty acid, tocopherols, and lipid peroxidation products during 60 d of storage was investigated. The length of storage times was selected to simulate likely duration of consumer storage of shell eggs.
MATERIALS AND METHODS
These experiments were approved by the Oregon State University Animal Care and Use Committee to ensure adherence to animal care guidelines.
Diets
Isocaloric (2,900 kcal/kg of feed) and isonitrogenous (16% CP) corn-soybean meal-based experimental rations were formulated with 3% yellow grease (YG), 2.75% yellow grease + 0.25% CLA (YG-CLA), 2.5% yellow grease + 0.25% CLA + 0.25% fish oil (YG-CLA-FO), or 2.75% yellow grease + 0.25% fish oil (YG-FO). The composition of the diet is shown in Table 1 . Menhaden fish oil was used as a source of n-3 fatty acid (Omega Protein Inc., Reedville, VA). The CLA oil containing 75% free fatty acids was made up of equal amounts of cis9, trans11, and trans10, cis12 CLA isomers (Pharmanutrients, Lake Bluff, IL). The diets were mixed weekly and were stored in a cold room (4°C) in airtight containers.
Birds
A total of 112 twenty-week-old Single Comb White Leghorn laying hens were weighed and distributed randomly to the experimental diets (4 replications of 7 birds each). The birds were kept individually in cages and were maintained on a 16L:8D photoperiod and standard conditions of temperature and ventilation as per Oregon State University Poultry Farm standard operating procedures. Water and feed were provided ad libitum. Feed intake was measured on a weekly basis. The experiment was conducted for 320 d.
Egg Collection
A total of 128 eggs were collected (32/diet, 8 eggs/ replicate) during the peak production period (wk 30 to 31) and were kept in fiber flats at 4°C. Length of storage times was selected to simulate likely duration of consumer storage of shell eggs. On d 0, 20, 40, and 60 of storage, 2 eggs were selected randomly from each replicate, totaling 8 eggs/treatment for tocopherol and lipid peroxidation assays as measured by TBA reactive substances (TBARS). Total lipids and fatty acids were determined for eggs stored for 0 and 60 d.
Lipid Analyses
Total lipids were extracted by the method of Folch et al. (1957) . One gram of yolk sample was weighed into a screw-capped test tube with 20 mL of chloroform:methanol (2:1, vol/vol) and homogenized with a polytron homogenizer (PT10/35, Brinkman Instruments, Westbury, NY) for 15 to 20 s at high speed. After an overnight incubation at 4°C, the homogenate was filtered through Whatman no. 1 filter paper into a 100-mL graduated cylinder, and 4 mL of 0.88% NaCl solution was added and mixed. After phase separation, the volume of lipid layer was recorded, and the top layer was completely siphoned off. Total lipids were determined gravimetrically.
Analysis of fatty acid composition was performed with a Agilent 6890 gas chromatograph (Agilent Technologies Inc., Palo Alto, CA) equipped with an autosampler, flame ionization detector and fused silica capillary column, 100 m × 0.25 mm × 0.2 m film thickness (Sp-2560, Supelco, Bellefonte, PA). Sample (1 L) was injected with He as a carrier gas onto the column programmed for ramped oven temperatures (initial temperature was 110°C, held for 1 min, then ramped at 15°C/min to 190°C and held for 55 min, then ramped at 5°C/min to 230°C and held for 5 min). Inlet and detector temperatures were both 220°C. Peak areas and percentages were calculated using Agilent ChemStation software. Fatty acid methyl esters were identified by comparison with retention times of authentic standards (Matreya, Pleasant Gap, PA). Fatty acid values and total lipids were expressed as weight percentages.
Tocopherol Assay
For analysis of egg yolk α-and γ-tocopherols, a modification of the method by Podda et al. (1996) was used. Briefly, a known weight (∼50 mg) of individual yolk sample (n = 8) was saponified with alcoholic KOH, extracted with hexane, dried under N, resuspended in 1:1 ethanol:methanol, then injected into an HPLC system (Shimadzu, Columbia, MD). The HPLC system consisted of a Shimadzu LC-10ADVP controller and a SIL-10ADVP auto injector with a 50-L sample loop. Tocopherols were detected with a LC-4B amperometric electrochemical detector (Bioanalytical Systems Inc., West Lafayette, IN) with a glassy C working electrode and silver chloride reference electrode. The column used was a Waters Symmetry Shield RP 18 column, 100 × 4.6 mm, 3.5-m particle size with a Waters Symmetry Shield RP 18 precolumn, 20 × 3.9 mm, 3.5 m (Waters Inc., Watford, Hertfordshire, UK). An isocratic mobile phase delivery system [99:1 (vol/vol) methanol:water containing 0.1% (wt/vol) lithium perchlorate] was used, with a total run time of 6 min.
The electrochemical detector was in the oxidizing mode, potential 500 mV, full recorder scale at 500 nA. Peak areas were integrated using a Shimadzu Scientific 4.2 Class VP software package, and α-and γ-tocopherols were individually quantitated using authentic standards.
TBARS Assay
Egg yolk samples (2 g) were weighed into 50-mL test tubes, and 18 mL of 3.86% perchloric acid was added. The samples were homogenized with a polytron homogenizer for 15 s. Butylated hydroxytoluene (50 L, in 4.5% ethanol) was added to each sample during homogenization to control lipid oxidation. The homogenate was filtered through Whatman no. 1 filter paper. Filtrate (2 mL) was mixed with 2 mL of 20 mM TBA in distilled water and incubated in the dark at room temperature for 15 to 17 h. Absorbance was determined at 531 nm. The TBARS were expressed as milligrams of malondialdehyde/gram of yolk (Cherian et al., 1996a) .
Statistical Analysis
A 2-way ANOVA was used to analyze effects of diet and storage on egg tocopherols, TBARS, fatty acids, and total lipids using eggs within diet by storage as the error term (SAS Institute, 2001 ). Diet and storage were the fixed effects. Significant differences among treatment means were analyzed by the Student-Newman-Keuls multiple range test at P < 0.05 (Steel and Torrie, 1980) . Means of interaction were analyzed by comparing the storage time separately for each diet by the Student-Newman-Keuls multiple range test. Computations were done using the GLM procedure of SAS Institute (2001) . Mean values are reported. Table 3 . Effect of dietary conjugated linoleic acid and fish oil feeding on the α-, γ-, and total tocopherol content of egg yolk during storage 
RESULTS AND DISCUSSION
The fatty acid composition and tocopherol contents of the diet are shown in Table 1 . Conjugated linoleic acid was present only in the CLA-supplemented diets (YG-CLA and YG-CLA-FO) and consisted of cis9, trans11, and trans10, cis12 isomers at 1.0, 0.8, 0.7, and 0.7, respectively. Inclusion of fish oil resulted in the incorporation of longchain n-3 fatty acids, such as eicosapentaenoic acid (20:5n-3) and docosahexaenoic acid (22:6 n-3) in YG-CLA-FO and YG-FO diets. α-Linolenic acid (18:3 n-3) was the only source of n-3 fatty acids in the YG and YG-CLA diets. α-Tocopherol was the predominant form of tocopherol in the diet (17.3 to 19.1 mg/kg), followed by γ-tocopherol (4.1 to 5.7 mg/kg). The total tocopherol content of the diet varied from 21.6 to 24.8 mg/kg. The total lipid content of the diet was 3%.
Diet Effects on Yolk Fatty Acids
The egg total lipid content and fatty acid composition at storage d 0 and 60 is shown in Table 2 . Egg total lipids were affected by dietary oils (P < 0.05). Feeding YG-CLA-FO led to a 5.4% reduction in total lipids when compared with YG eggs. The yolk fatty acid profile clearly reflected the dietary fatty acid composition. Conjugated linoleic acid was present only in eggs from YG-CLA and YG-CLA-FO (P < 0.05). The only isomer detected in egg yolk was cis9, trans11.
A significant effect of diet was observed on egg saturated fatty acids (SFA; 16:0, 18:0; Table 2 ). Addition of 0.25% CLA resulted in a significant increase in SFA with a concomitant reduction in monounsaturated fatty acids (MUFA). The increase in SFA in the YG-CLA eggs was over 12% higher than YG eggs. The content of MUFA was over 19% lower in YG-CLA eggs than YG eggs. These results also corroborate our previous reported results and also of others (Du et al., 1999; Cherian et al., 2002) . Inclusion of fish oil along with CLA did not overcome the MUFA-suppressing effect of CLA in YG-CLA-FO eggs. The ⌬ 9 -desaturase enzyme is responsible for the conversion of stearic acid (18:0) to oleic acid (18:1). Dietary CLA may have an inhibitory action on desaturases, thereby leading to the reduction of MUFA. A recent study also reported a decrease in mRNA expression of stearoyl coenzyme A in CLA-fed rats affecting the synthesis of MUFA and accumulation of SFA (Choi et al., 2000) . Higher levels of SFA in yolk lipids due to CLA supplementation may be of concern, because increased consumption of SFA, especially 14:0 and 16:0, is associated with increasing plasma total and low-density lipoprotein cholesterol concentrations in blood plasma and changes related to car-diovascular disease (Bonanome and Grundy, 1988) . However, if the antiatherogenic activity of CLA found in rabbits (Lee et al., 1994) , hamsters (Nicolosi et al., 1997) , and mice (Munday et al., 1999) could be extrapolated to humans, the adverse consequences of increased SFA levels could be counteracted by CLA.
A significant increase in linoleic acid was observed in YG-CLA eggs (P < 0.0001). However, CLA along with fish oil led to a reduction in arachidonic acid content in YG-CLA-FO eggs. ⌬ 6 -Desaturase enzyme is involved in the formation of arachidonic acid (20:4 n-6) from linoleic acid (18:2 n-6). The increase in linoleic acid observed in the current study (YG-CLA) may suggest an inhibitory effect of CLA on ⌬ 6 -desaturase leading to its accumulation. Higher dietary CLA (>0.5%) has been reported to reduce egg arachidonic acid . Higher dietary CLA has also been reported to cause rubbery and hard egg yolks upon cooking (Cherian, 2005) . Low levels of CLA were used in the current study to minimize such negative yolk textural properties. Fish oil supplementation increased n-3 fatty acids and caused a reduction in n-6 fatty acids such as linoleic and arachidonic acid. The increase in n-3 fatty acids with a concomitant decrease in arachidonic acid by fish oil was consistent with our previous results (Cherian and Sim, 1991) . The presence of CLA did not affect the content of n-3 fatty acids in YG-CLA-FO eggs.
Storage Effects on Yolk Fatty Acids
Irrespective of the lipid source, storage reduced fatty acids in eggs (Table 2) . Total lipids were lowest in the YG-CLA-FO eggs stored for 60 d compared with other eggs (P < 0.05). A significant decrease due to storage was observed for all fatty acids except 16:1, 18:0, and 18:2 n-6. Storage over 60 d led to a 20 and 67% depletion of CLA in the YG-CLA and YG-CLA-FO eggs (P < 0.0001). The presence of long-chain n-3 fatty acids in the YG-CLA-FO eggs enhanced the depletion of CLA when compared with YG-CLA eggs. A 29% reduction was observed in the total n-3 fatty acid content of YG-CLA-FO eggs at d 60 of storage when compared with d 0 of storage (P < 0.0001).
The decrease in total lipids, CLA, and n-3 fatty acids may suggest a degradation of egg lipids and polyunsaturated fatty acids (PUFA) during storage. In addition, oxidative stability of eggs based on TBARS revealed a significant effect of diet and storage (Figure 1) . At d 0, the eggs from the YG-CLA-FO and YG-FO regimen had higher TBARS values (P < 0.05) than those from YG or YG-CLA, suggesting that the onset of lipid oxidation may be enhanced in these eggs due to the high content of longchain (>20-C) PUFA. However, during storage, accumulation of TBARS was higher in YG-CLA than all the other treatments. We have previously reported that CLA incorporation is preferentially in the egg triglycerides (Cherian, 2005) compared with long-chain n-3 PUFA in the phospholipids (Cherian and Sim, 1992) . In the egg yolk, phospholipids and protein are interwoven in the exterior sur- Letters above a day indicate a significant difference (P < 0.05).
face of low-density lipoprotein. This compact surface layer can partly exclude O 2 from the lipid core of the particle (Burley and Vadehra, 1989) , thus impeding oxidation. Thus, the structural configuration of yolk phospholipids may have aided in preventing oxidation of longchain PUFA in YG-CLA-FO or YG-FO eggs.
The results of TBARS further attests to the tocopherol content of eggs (Table 3) . Diet and storage reduced the tocopherol content of eggs (P < 0.0001). Eggs from YG-CLA and YG-CLA-FO had reduced α and γ-tocopherol contents at all days of storage compared with YG eggs (P < 0.05). In a previous study, we reported that the inclusion of tocopherols resulted in a significant reduction (P < 0.05) in TBARS in the egg yolk from hens fed menhaden fish oil during storage (Cherian et al., 1996b) . Therefore, it appears that the longer-chain n-3 PUFA in fish oil-fed eggs were protected from undergoing deterioration by tocopherol supplementation. Regardless of dietary oils, egg storage for 40 d or longer depleted tocopherol contents promoting lipid oxidation and the accumulation of TBARS. Thus, incorporating tocopherols into chicken eggs may increase the oxidative stability and also provide a source of tocopherols for the human diet.
Several authors have reported CLA enrichment through diet manipulation (Cherian, 2005) . However, no study has reported the effect of CLA enrichment on egg tocopherol content and lipid oxidation products during storage. These results from the current study demonstrate that healthy eggs with increased n-3 fatty acids and CLA can be generated by minor diet modifications, and added tocopherol supplementation may be needed when n-3 or CLA is included in the hen diet to maintain product quality and nutritional value.
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